A multidisciplinary approach involving organic synthesis and theoretical chemistry is applied to investigate a promising strategy to improve charge separation in organic photovoltaics:
INTRODUCTION
Organic photovoltaics (OPV) is an attractive renewable energy technology because cheap and abundant materials as well as low-cost and large-scale fabrication methods, e.g., roll-toroll printing, can be applied. However, the usefulness of this energy technology becomes questionable when one considers the typical power conversion efficiency (PCE) of ~5% of square meter sized panels and the short operational lifetime of 5 years under outdoor conditions. Still, OPV has significant advantages compared to other renewable energy technologies, like an energy payback time of less than a few months, energy return factors of more than 100, and ultrafast manufacture of a given energy producing unit. 1 Therefore, according to Jørgensen et al. 1 , OPV technology is already competitive with other solar cell technologies.
To understand why the PCE of organic thin-film single junction solar cells is quite low (highest confirmed value for a research cell of 1-cm 2 area is ~10%) 2 , we need to know in detail their working mechanism. Bulk heterojunction solar cells are composed of a holeconducting donor (typically a conjugated polymer) and electron-conducting acceptor material (usually a fullerene derivative). 3 The commonly accepted scheme of the working mechanism consists of the following steps: light absorption by (mainly) the donor or the acceptor leading to the formation of local excitons, diffusion of these excitons towards the donor-acceptor interface, electron or hole transfer between the donor and the acceptor, transport of free charges to the electrodes and finally, charge collection. 4 However, the generation of free charges has not been fully understood, since many experimental studies [5] [6] [7] [8] demonstrate the presence of a charge-transfer (CT) state at the donor-acceptor interface, an intermediate state between the initially excited state and final charge-separated (CS) state. 4, [9] [10] [11] [12] Loi et al. 6 define 4 the CT state as a correlated electron-hole state, where the electron is located at a neighbouring molecule of the one where the hole is located.
An electronic state diagram illustrating the solar energy conversion to free charges is shown in Figure 1 . Often the lowest CT (CT 1 ) state of the CT manifold is lower in energy than the CS state, which limits the generation of free charges. The energy difference is called the charge-transfer exciton binding energy (E b CT ) and is estimated to be of 0.3-0.5 eV 9 . Several options have been proposed to explain how the charge generation process at the donoracceptor interface can overcome this high E b CT . One of the most considered options assumes that excess photon energy leads to hot CT states that assist in charge separation. [13] [14] Recently, an experimental study performed by Vandewal et al. 8 questions this proposal by revealing that the best materials systems show an internal quantum efficiency higher than 90% without the need for excess electronic or vibrational energy. [20] [21] [22] suggest that a dipolar layer can be formed at donor/acceptor interfaces.
The increase in entropy (ΔS) when charges move away from each other is also proposed to be essential for charge separation. 23 Clarke et al. 23 showed quantitatively that for equilibrium processes the contribution from ΔS can substantially decrease the Coulomb barrier for charge separation. However, Gregg 24 states that for non-equilibrium processes like an illuminated solar cell, the magnitude of entropic effects should diminish considerably compared to equilibrium processes. Considerations of ΔH are still useful for studying charge separation processes because an entropy contribution is expected to stabilise the CS state relative to the CT state leading to an additional decrease in E b CT . In short, the question on how the charge generation process can overcome the high E b CT has so far been unanswered.
One way to lower the Coulomb attraction between charges is to increase the dielectric screening of organic donor and acceptor materials. Recently, Koster et al. 25 showed that the key parameter for enabling PCEs of OPV of more than 20% is the relative dielectric constant Coulomb interactions between charges are not beyond the ns time scale, which means that an enhancement of ε r up to frequencies of 10 9 Hz, i.e., GHz, can diminish these loss processes.
Due to the flexibility and swiftness of these TEG side-chains, reorientations of their dipoles,
i.e., orientation polarisation, can potentially increase ε r in the GHz range and diminish loss processes leading to higher PCEs. 30 Studies of the performance of OPV devices containing donor and acceptor molecules functionalised with TEG side-chains [29] [30] are currently in progress. Donaghey et al. 31 report some encouraging outcomes of initial OPV device testing.
Application of their synthesised high dielectric constant non-fullerene acceptors with P3HT
as donor in an OPV device resulted in a slight enhancement in the short-circuit current.
Further study is required to disentangle whether the improvement in the OPV device performance is due to the increase in the dielectric constant or due to other factors like changes in the blend morphology. 31 In this work, we focus on installing permanent dipoles in [6, 6] electron acceptors, because of their ability to easily accept electrons, to obtain favourable nanoscale morphology, to support electron transport in three dimensions, and their reasonably good electron mobilities. 32 In reality, the environment around a donor-acceptor complex also contains polymers, because an environment of solely polymers or PCBM makes good charge conduction impossible. It is shown 28 that an embedding of solely monomers could facilitate charge separation only when permanent dipoles are installed in the side-chains. Additionally, these dipoles have to be sufficiently large and able to rotate modestly. 28 For monomer/PCBM mixed environments, the stabilising effect is less compared to "pure" embeddings where a maximum stabilising effect resulting from the constituting molecules is calculated.
The importance of a multidisciplinary approach involving materials science, (theoretical) chemistry and (theoretical) physics to provide understanding of the OPV working mechanism and to achieve highly efficient solar cells in future, has already been underlined in several studies. 11, 33 In this work, we apply this multidisciplinary approach. Firstly, we synthesised and characterised a PCBM analogue with a permanent dipole in the side-chain called [6, 6] phenyl-C 61 -butyric acid 2-dimethylamino-5-nitrobenzyl ester (PCBDN, Figure 2 ) and its reference analogue without a permanent dipole called [6, 6] -phenyl-C 61 -butyric acid benzyl ester (PCBBz, Figure 2 ). Secondly, we used electronic structure theory to predict the potential effect of reorientations of these dipoles on charge separation in OPV. Due to the large system size, theoretical modelling is challenging 10 and therefore the current strategy 33 is to combine macroscale modelling molecular dynamics (MD) with quantum chemical (QC)
calculations on the molecular scale. Usually Density Functional Theory (DFT) is applied because this method provides the required accuracy and is computationally feasible. This combined MD/QC approach is also applied here. 
General procedure for the synthesis of PCBBz
The synthetic route to prepare PCBBz ( Figure 2 ) is shown in Scheme S1 in the Supporting
Information. PCBBz (6) was synthesised from [60]PCBM and benzylalcohol (5) by transesterification in 63% yield. Experimental details of the materials synthesis are presented in the Supporting Information. Structures of the synthesised compounds were confirmed by analytical and spectroscopic data, which are also presented in the Supporting Information.
Computational procedure
Geometries of PCBDN, PCBBz and PCBM ( Figure 2 ) were optimised using DFT (B3LYP 34 /6-31G**) with the program GAMESS-UK 35 . Subsequently, the highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) energies of these molecules were calculated using DFT (BHandH 36 /DZP) and the lowest 60 vertical excitation energies were calculated using time-dependent DFT (TD-DFT) (BHandH/DZP) with ADF [37] [38] .
Isotropic polarisabilities and dipole moments of PCBDN, PCBBz and PCBM were calculated using DFT (B3LYPg/aug-cc-pVDZ) with the program DALTON 39 (see Figure S3 in the Supporting Information for the dipole moment of these molecules).
To model the effect of the molecular environment on charge separation in OPV, we followed our recently developed procedure 28 . MD simulations (NVT) with the program 
Comparison between experimental and calculated electronic and optical properties
The electrochemistry of fullerenes is one of their most important properties as conjugated materials. Therefore we investigated the electrochemical properties of PCBDN, PCBBz and PCBM by cyclic voltammetry. Table 1 gives an overview of these electrochemical properties together with calculated HOMO and LUMO energies. The measured half-wave potentials of the reduction processes of all compounds are listed. The computational results show that the LUMO energies and the HOMO-LUMO energy differences are similar for these compounds. These findings are in agreement with the experimental data, which show that the differences in the first and second reduction potentials are very small, indicating that the behaviour of the reduction potential is not affected by the dipoles. So installing a permanent dipole in the side-chain of a PCBM 13 analogue does not modify its π-conjugated system, which is one of the advantages of the strategy 25, 28-30 of installing permanent dipoles in side-chains of conjugated polymers and fullerene derivatives in order to facilitate charge separation.
The measured and calculated UV-vis absorption spectra of PCBDN, PCBBz and PCBM ( Figure 3 ) are very similar apart from an overestimation of the energies in the case of the calculated spectra. Therefore, all calculated spectra are shifted by 0.6 eV towards lower energies, i.e., larger wavelengths. The optical properties of these molecules appear to be nearly similar so it can be concluded that installing a permanent dipole in the side-chain of a PCBM analogue does not affect its optical properties. Table 2 gives an overview of the calculated isotropic polarisabilities and dipole moments of PCBDN, PCBBz and PCBM (see Figure S3 in the Supporting Information for the dipole moment of these molecules). The isotropic polarisability per electron is similar for PCBDN (548 electrons), PCBBz (502 electrons) and PCBM (462 electrons). Therefore a similar optical dielectric constant (dielectric constant at optical frequencies, i.e., only electronic polarisation defines ε r ) is expected for these systems. When the additional screening from dipoles is considered too, a larger screening is expected for a PCBDN embedding compared to its reference, a PCBBz embedding, due to the larger dipole moment of PCBDN. This hypothesis is tested in the following theoretical analysis (see section 3.3). When both newly synthesised PCBM analogues are compared to PCBM, it appears that the dipole moment of PCBDN is larger and the dipole moment of PCBBz smaller than the one of PCBM. 
Calculated isotropic polarisabilities and dipole moments

Calculated electronic state diagrams
Application of the computational procedure described in paragraph 2.2 resulted in electronic state diagrams as presented in Figure 4 for the studied donor-acceptor complex Si-CPDTBT-PCBDN in vacuum (Figure 4a ), Si-CPDTBT-PCBDN embedded in PCBBz (Figure 4b ) and Si-CPDTBT-PCBDN embedded in PCBDN (Figure 4c ). Table S1 in the Supporting Information for more details on the labelling of these states and on the occupied-virtual orbital pairs that contribute most to these excitations. For Si-CPDTBT-PCBDN in vacuum and embedded in PCBDN, geometry relaxation of the CS state leads to a stabilising effect of ~0.5 eV (Figure 4a and 4c) . This lowering originates predominantly from relaxation of the cation and results in a significant decrease in the ionisation potential (IP, Table 3 ). The stabilising effect due to geometry relaxation is smaller for Si-CPDTBT-PCBDN embedded in PCBBz, namely ~0.1 eV (Figure 4b ), due to a much smaller relaxation of the cation (Table 3) (Table 3) . For the PCBBz environment, dipole alignment results in an extra stabilisation of only ~0.6 eV. However, in this case, the overall CS state stabilisation of ~0.7 eV due to geometry relaxation and dipole alignment together is a better aspect to look at, since the effect of geometry relaxation is probably slightly underestimated, as explained previously.
To corroborate that indeed aligned dipoles in the embedding cause the significant lowering in IP, the dipole moments of the PCBDN embedding were "turned off" by making all charges of the embedding atoms equal to zero. In this way, the embedding configuration did not change and kept its dielectric screening from polarisability, but the additional screening from dipoles was removed. This procedure shows that the IP recovers to the value of ~6 eV, i.e., the one for Si-CPDTBT-PCBDN embedded in PCBBz (Table 3 ). This outcome is in agreement with the similar polarisabilities per electron of PCBDN and PCBBz (Table 2) . Table 3 contains the calculated IP and electron affinity (EA) obtained from the single-point DFT (BHandH/DZP) calculations performed on the optimised neutral, cationic and anionic DFT (B3LYP/6-31G**) geometries. As expected, due to geometry relaxation of Si-CPDTBT-PCBDN its IP decreases. However, the decrease shown for EA is unphysical and caused by the change in basis set and functional. The DFT (B3LYP/6-31G**) calculations show a small relaxation of the anion, and a corresponding small increase in EA (see Table S2 in the Supporting Information). Table 3 also gives an overview of E b CT , defined previously as the energy difference between (CS) relaxed and (CT) vert . This energy difference, when positive, limits the generation of free charges. In Table 3 These results suggest that an environment of solely PCBBz around a Si-CPDTBT-PCBDN complex already favours free charge generation in OPV. In reality, the environment around a donor-acceptor complex also contains polymers. For an environment consisting of solely monomers with sufficiently large dipoles in the side-chains 28 the stabilising effect due to dipole alignment appears to be smaller compared to an environment consisting of solely PCBM analogues with a dipole in the side-chain. Therefore, for monomer/PCBM mixed environments the stabilising effect is less compared to the (maximum) stabilising effect that was found for the fullerene-rich environments studied here.
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In this respect, this work leads to promising strategies for improving charge separation in OPV by optimising the molecular environment: installing permanent dipoles in PCBM analogues, and tuning the concentration of these molecules in the blend. In order to facilitate charge separation in OPV, both the magnitude of the installed dipoles in PCBM analogues (and/or polymers) and the concentration in the active layer of these molecules with a permanent dipole in the side-chain can be used as a parameter to tune the dielectric screening of the environment in such a way that E b CT becomes negative. One could even think of a third tuning parameter to optimise the molecular environment for charge separation: mixing PCBM with, in this case, PCBDN to form the electron-conducting phase of an organic donor/acceptor blend.
We can make an analogy between our theoretical system of a donor-acceptor complex embedded in a fullerene-rich environment and an experimental situation with an increased PCBM concentration in the organic donor/acceptor blend. In several studies 6, 45 where the effect of increased PCBM concentration was investigated, a red shift on CT emission was measured. This was explained by suggesting that adding more PCBM leads to a reduction of the Coulomb attraction between electrons and holes (due to an increased average dielectric constant of the medium). Our calculations can be regarded as modelling the dielectric screening of a PCBM-like embedding on a microscopic scale of ~40 Å, i.e., the size of the box filled with PCBBz or PCBDN, as Van Duijnen et al. 44 suggested. Our results corroborate the suggestion done in some experimental studies 6, 45 that increasing the PCBM concentration in polymer/PCBM blends facilitates charge separation in organic solar cells because of the more polarisable medium.
The effect of dipole reorientations on other aspects -besides charge separation -that determine the overall OPV efficiency, like charge transport and blend morphology, is subject of current studies. The encouraging initial results 31 of the performance of OPV devices containing organic molecules with permanent dipoles in their side-chains increase the future expectations for these materials.
CONCLUSIONS
This work illustrates using a multidisciplinary approach that the proposed strategy 25, [28] [29] [30] for improving charge separation in OPV, i.e., installing polarisable side-groups and permanent dipoles in polymers and PCBM analogues, is a promising one. The good correspondence between experimentally and theoretically determined molecular properties of the studied PCBM analogues indicates that the theoretical analysis of the embedding effects of these molecules gives a reliable expectation for their influence on the charge separation process at a microscopic scale in a real device.
The combination between experiment and theory is necessary in order to make a sound prediction of the effects that embedding dipoles might have on charge separation in OPV devices. Therefore, this work can be seen as one of the first studies providing a synthetic route for this new class of promising organic semiconductors, i.e., PCBM analogues with a permanent dipole in the side-chain, and at the same time focusing on the effect of these functional materials on the charge separation process in organic solar cells.
Promising strategies for improving charge separation in OPV are provided. Besides the installation of dipoles and their magnitude, also the concentration of PCBM analogues with a permanent dipole in the side-chain in an organic donor/acceptor blend can be used to tune the dielectric screening of the environment. These insights may indicate directions in the search for better performing OPV devices.
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The applied procedure for modelling charge separation at the microscopic level of OPV devices can be taken a step forward by increasing the part that is treated using a quantum chemical approach, e.g., two PCBM molecules and a short oligomer. In this way the procedure can be used to study the effect of charge delocalisation on the excited state energies and the energies of the CT and CS states. Such a study is currently in progress.
Several studies 33, 46 have already mentioned this and other similar challenging directions for future research in multiscale modelling of OPV devices.
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